We present a detailed study of the anomalous single fourth generation t ′ quark production within the dominant Standard Model (SM) decay modes at future e + e − colliders. We calculate the signal and background cross sections in the mass range 300-800 GeV. We also discuss the limits of t ′ qγ and t ′ qZ (q = u, c) anomalous couplings as well as values of attainable integrated luminosity for 3σ observation limit.
I. INTRODUCTION
As it is well known that Standard Model (SM) of particle physics includes three generation of fermions, but does not rule out a fourth generation. The only restriction of the fermion generation numbers comes from asymptotic freedom constraint in QCD is less than nine.
On the other hand, the bounds from reanalyzed electroweak precision measurements has shown that existence of fourth fermion generations is not prohibited [1, 2] . Therefore, the SM can be simply extended with a sequential repetition as four quark and four lepton left handed doublets and corresponding right handed singlets.
A possible fourth generation may play an important role in understanding the well-known unanswered question such as the CP violation and flavor structure of standard theory [3] [4] [5] [6] [7] [8] [9] , electroweak symmetry breaking [10] [11] [12] [13] , hierarchies of fermion mass spectrum and mixing angle in quark/lepton sectors [14] [15] [16] [17] [18] . Also, the theoretical and experimental aspects of fourth SM generation in a recent review can be found in Ref. [19] .
So far, the current 95 % C.L. mass lower limits of the fourth generation quarks from experimental measurements at the Tevatron are m t ′ > 311 GeV [20] and m b ′ > 338 GeV [21] , whereas the partial wave unitarity gives an upper bound of about 600 GeV [22] .
The determination of allowed parameter space of fourth generation fermions will be an important goal of the LHC era. Masses of the fourth generation quarks will already be well known from the LHC data before a TeV scale linear collider runs, since (if they exist) they are predicted to be produced in pairs at the LHC [23] . The large value of their masses would provide special advantage to new interactions originating at a higher scale. The precise determination of fourth generation quark properties may present the existence of physics beyond the SM. The fourth generation quarks can couple to the gauge bosons via new interactions as well as the flavor changing neutral current (FCNC) interactions with anomalous couplings as t ′ qV (V = γ, Z, g; q = u, c). The FCNC vertices can be described by an effective Lagrangian which contains series in power of κ/Λ where κ is the anomalous magnetic moment type coupling and Λ is the cut off scale of new interactions. Nevertheless, the LHC may not provide us with sufficient information about some parameters of the fourth generation quarks. But, a linear collider with energies on the TeV scale, extremely high luminosity and clean experimental environment, can provide complementary information for these parameters with performing precision measurements that would complete the LHC results. Most popular proposed linear colliders with energies on the TeV scale and extremely high luminosity are International Linear Collider (ILC) [24] and Compact Linear Collider (CLIC) [25] . Due to the anomalous interactions serious contributions can be expected for the production of the fourth generation fermions. These anomalous effects of the fourth generation quarks has been studied in phenomenological perspective at hadron colliders [26] [27] [28] [29] [30] and also at future ep colliders [31, 32] . In this study, we investigate the single production of fourth generation t ′ quarks at proposed linear colliders via anomalous interactions. After its production, we assume the dominant SM t ′ decay channel as t ′ → W b. 
is given by
where g e , g are the electro-weak coupling constants, and g s is the strong coupling constant. denotes the elements of extended 4×4 CKM mixing matrix which are constrained by flavor physics. In this study, we use the parametrization of extended CKM matrix elements,
.114 and V t ′ b =0.22 [34] . We calculate the decay width of t ′ via t ′ → W q process as
where s W = sin θ W , g = g e /s W , g e = √ 4πα e and M W is the mass of W boson.
In the SM, FCNC interactions are absent at tree level. However, top quark sector is suitable for searching anomalous FCNC interactions as being heaviest particle to date discovered [35] . The fourth generation t ′ quarks which are heavier than the top quark can also couple to the FCNC currents. The effective Lagrangian for the anomalous magnetic moment type interactions among the fourth family quarks t ′ , ordinary quarks q, and the neutral gauge
where F µν , Z µν and G µν are the field strength tensors of the gauge bosons; σ µν = i(γ µ γ ν − γ ν γ µ )/2; λ a are the Gell-Mann matrices; Q q i is the electric charge of the quark (q). κ γ , κ Z and κ g are the anomalous coupling with photon, Z boson and gluon, respectively. Λ is the cut-off scale for the new interactions.
Anomalous decay widths of t ′ quarks which are calculated by using the effective Lagrangian are given below
where M Z is the mass of the Z boson. All numerical calculations have been performed with CompHEP [33] by including the new interaction vertices. In Table I , we give the numerical values of the total decay widths and branching ratios for all decay channels of t ′ quarks by
The contributing Feynman Diagrams for anomalous single t ′ produced in e + e − collision are shown in Fig. 1 . The analytical expression for cross section of
process, calculated by using Lagrangian L a , is found as 
where Γ Z is the total decay width of Z boson.
III. SIGNAL AND BACKGROUND ANALYSIS
The total cross sections for single production of t ′ quarks are plotted in effects, we take beam parameters which are given in Table II for the ILC and CLIC. In calculations. The single production of fourth generation t ′ quarks of signal process including dominance of the SM decay mode over anomalous decay is
The transverse momentum (p T ) distributions of the final state b quark for signal and background are shown in mass distributions for the W + b system in the final state, the signal has a peak around mass of t ′ quark over the background as shown in Fig. 5 .
In order to discuss the observability of the fourth generation t ′ quarks at linear colliders, we need to calculate signal and background cross sections as well as the statistical significance (SS) which are given in Tables III and IV for ILC GeV (dotted line), m t ′ = 500 GeV (dashed line) and m t ′ = 700 GeV (dot-dashed line) at √ s =3
TeV.
obtain the SS of the signal by using the formula [36] ,
where σ S and σ B are the signal and background cross sections, respectively. For realistic analysis we take into account finite energy resolution of the detectors. We use the mass bin width ∆m = max(2Γ, δm) in our numerical calculations to count signal and background events with the mass resolution δm. We also apply the mentioned p T and η cuts assuming the integrated luminosities given in Table II . Here, we also consider the final state W boson in the signal and background processes decay leptonicaly via W ± → l ± ν l where l ± = e ± , µ It is seen that the fourth generation t ′ quarks with masses 350 GeV can be observed at 3σ observation limit with lowest integrated luminosity about 3×10 4 pb −1 at ILC and CLIC. 
IV. CONCLUSION
We find the discovery regions of the parameter space for the single production of fourth generation t ′ quarks via anomalous interaction vertices at the ILC and CLIC energies. If the fourth generation t ′ quarks have anomalous couplings that dominate over the SM chiral interactions they can be produced with large numbers. Our results shows that, the lower limit of the anomalous couplings κ γ /Λ and κ Z /Λ are found down to 0.07 TeV −1 and 0.05
TeV −1 for ILC and CLIC, respectively, assuming a maximal parametrization for extended CKM elements. We also find the lowest necessary luminosity limit values for the e + e − colliders which will provide a unique opportunity to search for anomalous couplings of the fourth generation t ′ quarks.
